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Cooperation between two types of lymphocytes is required for the production of antibodies to such antigens as heterologous erythrocytes (1), proteins (2) , and haptens conjugated to these antigens (3) . Adoptive primary or secondary antibody responses are severely depressed in irradiated recipients of lymphoid cells that are depleted for thymus-derived (T) cells by treatment with antibodies to the theta antigen, but that can be restored with primed or unprimed T-cells (4) . Conversely, depletion of specific antigen-binding cells with antigen-conjugated columns (5) . or by "hot antigen suicide" (6) also depresses adoptive antibody responses.
Enrich~d suspensions of specific antigen-binding cells, which are functionally precursors of active antibody-forming cells or cooperators in development of active antibody-forming cells would be useful in further characterization of cellular events involved in antibody formation. It has been reported that passage of lymphoid cells through antigen-conjugated columns and subsequent elution of the bound cells [by use of a hapten system, lactose-keyhole limpet hemocyanin (lactose-KLH) ], yields an immunocompetent population that restores the response to lactose in irradiated lactose-KLH primed animals (7) . We have labeled, by immunofluorescence, antigenbinding cells in spleen cell suspensions, either directly with fluorescein-conjugated antigen or indirectly with fluoresceinconjugated antibody to the antigen-coated cells, and then isolated these labeled cells by passage of the suspension through an electronic, fluorescence-activated cell sorter (8) .
In this publication, we present evidence showing that antigen-binding cells isolated in this fashion are competent to produce an adoptive secondary immune response, with KLH and human serum albumin (H-albumin) as antigens. We show that the response of the KLH-binding cells is dependent upon the addition of T-cells, indicating that the antigenbinding cells are bone marrow-derived (B) cells, and therefore are the precursors of the antibody-forming cells (1 When a cell-derived voltage pulse from the photomultiplier exceeds a pre-set threshold, the effluent jet is charged electrically. The charging signal is timed so that the detected cell will be trapped in a charged droplet formed during the charging interval. Droplets formed in the absence of a charging voltage will be uncharged.
The stream, subsequent to droplet formation, passes through an electrostatic field, which causes deflection of charged droplets into one container, while uncharged droplets remain undeflected and collect in another container. The cells are maintained at 40 throughout the separation except for a few seconds during actual deflection.
Titrations. All sera from the adoptive transfers to KLH were individually titrated by the passive microhemagglutination technique (12) . KLH was coupled to sheep erythrocytes by a modification of the glutaraldehyde method (13) . Sera were titrated after reduction with 0.01 M dithioerythritol; equal volumes of sera and dithioerythritol were incubated at 370 for 30 min.
Sera from mice in which adoptive transfers to H-albumin were made, were titrated by a modified Farr precipitation technique (14) . Each assay tube contained 7.5 ng of lE2I-labeled H-albumin and 5 ul of serum dilution in a total volume of 100 Ml of borate-buffered saline (pH 8.4) containing 10% normal mouse serum as diluent.
RESULTS
Separations of Antigen-Binding Cells. Fig. 1 ). Adoptive Response to KLH. The adoptive secondary response of irradiated (600 R) BALB/cN mice that received graded doses of KLH-primed spleen cells is presented in Table 2 . Dithioerythritol-resistant anti-KLH response is measured by passive hemagglutination (12). Table 2 ).
To demonstrate that separation of antigen-binding cells depletes the immune response of whole spleen, the original number of unseparated transferred cells must be close to limiting. Therefore, we used 3 X 106 primed spleen cells in subsequent transfer experiments. This number of cells contained about 3 X 104 stained cells.
The first experiment in Table 3 Adoptive Response to H-albumin. The results of separations and transfers of cells that bind H-albumin (in CWB mice) were essentially the same as those with KLH, although the number of cells required to transfer the maximum response was 10-fold greater. Recipients of either deflected or undeflected populations responded poorly to the albumin, compared to recipients of equivalent numbers of cells from whole primed spleen. However, injection of a mixture of deflected and undeflected cells, which reconstituted the original spleencell suspension, restored the anti-H-albumin response to the titer achieved with intact spleen.
In Table 4 As the data from the KLH separation experiments show, increased efficiency of separation resulted in both a decreased ability of the deflected fraction to respond without the addition of cooperating T-cells and a decreased ability of the undeflected fraction to respond without the addition of B-cells. In the first experiment (Table 3) Supplementation of the twice-passed deflected fractions with either undeflected cells or virgin T-cells restored the ability of the deflected fraction to respond to antigenic stimulation. The undeflected cells (derived from primed spleen) were the most efficient; 3 X 106 cells were able to restore the maximum response. Addition of either 1 X 106 virgin spleen, or 70 or 90 X 106 virgin thymus cells brought the response to two-thirds of maximum. It is not surprising that greater restoration of the response is accomplished when the deflected fraction is supplemented with undeflected fractions of primed spleen as opposed to virgin spleen or thymus cells, since interaction between primed B-cells (memory cells) and primed cooperators is known to be more efficient than that between primed B-cells and unprimed cooperating cell populations (15) . Whether the maximum potential of the deflected cells could be obtained by addition of larger numbers of virgin T-cells wNs not investigated.
We have no explanation for the differences in titers of antibody to KLH obtained on transfer of unfractionated spleen cells in the experiments reported (Tables 2 and 3 ). In all the experiments, animals were primed 2-3.5 months before they were used as spleen cell donors. Further, a standard anti-KLH titrated as a control in each experiment did not vary in titer by more tb an one log2.
The use of primed animals as a source of cells has greatly facilitated the development of the separation methodology described here. The adoptive primary response to KLH, as seen in Table 2 , is more difficult to work with due to the low titers elicited on transfer of relatively large numbers of cells. This is consistent with the fact that the number of detectable specific antigen-binding cells in a virgin (unprimed) spleen is 10-to 100-fold lower compared to the number in primed spleen (16) . Also, there are either more cooperating T-cells in a primed animal or the cooperators. are more efficient. Nonetheless, our separation technique is specifically designed to detect and separate rare cells, and we ultimately hope to investigate the primary response by use of a virgin spleen-cell population enriched with antigen-binding cells.
Our data should not be taken as indication that T-cells do not bind antigen, but merely that there is not enough antigen bound to T-cells to allow their deflection with the current sensitivity of the machine. T-cell cooperating activity is not destroyed by staining or machine passage as there are many active cooperators in the undeflected fraction. Therefore, the amount of antigen bound to cooperators (if any) is very small compared to the amount bound to precursors of antibodyforming cells.
The minimum threshold for detection on the cell separator is currently in the range of 1 to 2 X 104 residues of proteinbound fluorescein per cell, which is equivalent [with an F/P (fluorescein residues per mole of protein) of about 2] to 104 molecules of cell-bound KLH. Thus, from a spleen primed with KLH, T-cells must express fewer than 104 binding sites per cell, and B-cells greater than that number. Many of the cells exhibited considerably more fluorescence than the minimum detectable.
If we compare the KLH and H-albumin systems, it is interesting to note that it takes roughly 10 times as many cells from intact spleens primed with the H-albumin to maximally transfer the secondary response to the same antigen. The reasons for this are unclear, but do not appear to be due to fewer H-albumin-primed B-cells, since the percentage of antigen-binding (stained) cells in primed spleens is essentially the same for both antigens.
